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PILOTIXG PERFORMANCE DURING THE BOOST OF THE x-15 

AIRPLANE TO HIGH ALTITUDE 

By Euclid C. Holleman 

SUMMARY 

During the altitude-buildup program with the X-15 airplane, flights were 
made in which the boost-climbout phase was similar to the launch of the initial 

i stage of multistage vehicles. The pilot's performance is analyzed in an attempt 
to better define the human pilot's capability to control the boost phase of 
flight. 

Airplane attitude and overall performance were controlled by the pilot 
i within the accuracy of the displays provided. Even though the engine failed to 

light on the first attempt on two flights and some of the displays failed on 
several other flights, the pilot was able to successfully complete the flight 
plans. As a result of physiological factors or  extreme motivation, however, on 
a few missions the pilots made corrections they felt were necessary but which 
resulted in deviations from the flight plan. The boost acceleration had no 
effect on the piloting control task, although two of the pilots had difficulty 
shutting down the engine because of the X-17 throttle location. 

INTRODUCTION 

Several studies, references 1 to 3, for example, have considered the pilot 
as the primary controller of the launch of miltistage orbital vehicles. These 
investigations used simulators which varied in sophistication from relatively 
simple fixed-base types to motion simulators capable of duplicating the high 
acceleration that is characteristic of launch vehicles. In these studies it was 
generally concluded that the use of the pilot to control the launch holds 
promise. Additional study was recommended, however, to more completely define 
the optimum use of the pilot during boost. 

Although airplanes have been flown to relatively high altitudes (approxi- 
mately 100,000 ft) and to low dynamic pressures (approximately 5 lb/sq ft), the 
X-15 is the first airplane designed to be controlled by the pilot at high alti- 
tudes in ballistic flight. 
the flight path during the aerodynamic part of the boost climbout in order to 
control the apogee of the mission. The performance capability of the X-15  and 
the operational techniques used during each flight duplicate, to some extent, 
the initial stage of a multistage launch. The climbout of flights to high 
altitude, in particular, closely simulates the initial stage of the launch of 
multistage vehicles. In figure 1 the boost of the X-15 and the first stage of 
a Saturn C-5 launch are compared at similar altitudes and velocities. It is 
apparent that the launch dynamic pressures and longitudinal-acceleration 
environments of the vehicles are similar, although the pitch-angle programs to 

In an X-15 flight, the pilot must accurately control 



achieve the desired f l i g h t  path d i f f e r  markedly. 
expected, inasmuch as the comparison i s  between a v e r t i c a l  and a horizontal  
launch . 

T h i s  d i s s imi l a r i t y  i s  t o  be 

This paper presents  data  from X - 1 3  f l i g h t s  t h a t  are s i m i l a r  t o  the launch 
of boost vehicles i n  an attempt t o  b e t t e r  define the  optimum use of the p i l o t  
during boost. Considered i s  the  performance of the  p i l o t  i n  the powered, or 
boosted, portions of envelope-expansion f l i g h t s  made during the  jo in t  NASA-Air 
Force-Navy X-15 program a t  Edwards, C a l i f .  Two airplane configurations and 
three d i f f e ren t  types of controls  were used during the  t e s t s .  
a l t i t u d e s  a t ta ined  covered the  range from 154,000 f e e t  t o  354,200 f e e t .  

The maximum 

SYMBOLS 

longi tudinal  acceleration, g 

normal acceleration, g 

accelerat ion due t o  gravity,  f t / sec2  

a l t i t ude ,  f t  

a l t i t u d e  at zero longi tudinal  acceleration, f t  

dynamic pressure, lb/sq f t  

time, see 

time f rom engine l i g h t  t o  zero longi tudinal  acceleration, sec 

time from engine l i g h t  t o  t h rus t  reduction, see 

velocity,  f t / s ec  

angle of a t tack,  deg 

horizontal-s tabi l izer  posit ion,  deg 

damping r a t i o  

p i tch  angle, deg 

bank angle, deg 

heading angle, deg 

undamped na tura l  frequency, radians/sec 
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Subscript : 

max maximum 

Airplane 

The X-15 i s  a single-place, rocket-powered airplane ( f i g .  2) designed f o r  
f l i g h t  a t  hypersonic speeds and extreme a l t i t udes .  
a l o f t  under the r i g h t  wing of a B-52 and i s  launched a t  an a l t i t u d e  of about 
45,000 f e e t  and a Mach number of about 0.80. After launch, the  X-15 performs a 
powered f l i g h t  mission, followed by a deceleration g l ide  p r io r  t o  vectoring f o r  
a landing. 
a t t a in ing  a Mach number of 6 and can be flown t o  and recovered from an a l t i t u d e  
i n  excess of 3OO,OOO f e e t .  

The airplane i s  carr ied 

With t h i s  operational technique, the  airplane i s  capable of 

F l igh ts  t o  high a l t i t u d e s  have been made with a l l  three of the X-15 air-  
planes i n  two configurations: 
shown i n  figure 2 i s  referred t o  as the basic configuration. 
o f f  configuration the  lower movable v e r t i c a l  surface (dashed l i n e )  w a s  
removed, as discussed subsequently. 

the  basic  and the vent ra l  o f f .  The configuration 
For the ventral-  

Aerodynamic control  i s  provided through conventional aerodynamic surfaces, 
with v e r t i c a l  surfaces used f o r  yaw control  and the  horizontal  t a i l  f o r  both 
p i tch  and roll control.  All of the aerodynamic control  surfaces axe actuated 
by i r revers ib le  hydraulic systems. Control force i s  provided by bungee f o r  
p i l o t  f e e l .  
rudder pedals a r e  used f o r  yaw control;  however, a side-located s t i ck  i s  pro- 
vided f o r  control of p i tch  and roll i n  high-acceleration environments a t  the 
option of the p i l o t .  Most of the  X-15 missions have been made with the side 
s t ick,  although the p i l o t s  used the center s t i c k  on t h e i r  f i rs t  f l i g h t s .  

A conventional center s t i c k  i s  used for p i tch  and roll control,  and 

Figure 3 i s  a photograph of the X-15 cockpit showing the two aerodynamic 
control  s t i cks  (center  and r i g h t )  and the  rudder pedals. 
p i l o t ' s  display.  
the panel above the white l i n e .  

A l s o  shown i s  the  
The primary f l i g h t  control  displays a re  on the upper pa r t  of 

A closeup of the a t t i t u d e  display i s  shown i n  f igure  4. Angle of a t tack  i s  
of primary importance i n  es tabl ishing the climb a t t i t u d e  and can be read t o  
within 1". Thus, with good aerodynamic charac te r i s t ics ,  the  p i l o t  would be 
expected t o  control  t o  t h i s  accuracy. For some f l i g h t s ,  however, normal accel- 
e ra t ion  w a s  used as the prime pullup control  quantity.  

Shown a l s o  i n  f igure  4 i s  the  three-axis attitude indicator which displays 
angles of a t tack  and s idesl ip ,  bank angle, heading, and p i tch  a t t i t ude .  To the  
l e f t  of the indicator  .is the  p i tch-a t t i tude  vernier which, with the  n u l l  pointer,  
gives a t t i t u d e  i n  degrees. 
n u l l  i s  s e t  t o  the desired p i t ch  angle and provides a display of p i tch  a t t i t u d e  
which can be read t o  within 1". 

Once the f l i g h t  plan i s  formulated, the vernier 

A nul l ing vernier f o r  angle of attack, the  
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horizontal  bar of the  three-axis  b a l l ,  i s  a l s o  provided and can be preset  on the 
ground f o r  the desired angle of a t tack .  
f o r  control  of boost, and the  angle of a t t ack  i s  used primarily during reentry.  

The pitch-angle vernier  i s  important 

Pi tch a t t i t u d e  
Roll  a t t i t u d e  
Heading 

Alti tude 
Total  veloci ty  

Systems 

0.5" 
0.5" 
0.5" 

soo f t / s ec  
k5, 000 ft" 

Display and guidance.- An i n e r t i a l  display and guidance system i s  incorpo- 
ra ted  i n t o  the  a i rp lane  t o  provide the p i l o t  with ai rplane a t t i t u d e s  about a l l  
three axes and with i n e r t i a l  velocity,  a l t i t ude ,  and rate of climb. Although 
the system has provided adequate a t t i t u d e  information, the  accuracy and r e l i a -  
b i l i t y  of the i n e r t i a l  veloci ty  and a l t i t u d e  values were not completely accept- 
able  f o r  ear ly  f l i g h t s  i n  the program and, so, were not r e l i e d  on as primary 
displays.  However, with engineering modifications, f l i g h t  experience, and the 
development of procedures and techniques f o r  proper alinement and erect ion,  the 
system operated within specif icat ions f o r  l a t e r  f l i g h t s  t o  high a l t i t u d e .  These 
specif icat ions were based on 1956 s t a t e  of the ar t  and do not s a t i s f y  the 
requirements f o r  boost missions. 

To provide angle-of-attack and angle-of-sideslip information for the p i l o t  
and t o  make it possible t o  record these data,  a hypersonic flow-direction 
sensor, re fe r red  t o  as the  b a l l  nose, w a s  developed and in s t a l l ed  i n  the X-15 
a i rp lanes .  The sensor i s  a null-seeking, hydraul ical ly  actuated, e lec t ronica l ly  
control led servomechanism. Di f f e ren t i a l  pressure i s  measured, and a s ignal  i s  
fed t o  hydraulic actuators  which posi t ion the  b a l l  t o  balance the d i f f e r e n t i a l  
pressure.  
accurate t o  k0.25" at  dynamic pressures grea te r  than 10 lb/sq f t .  

F l igh t - t e s t  experience and ground checkout show the system t o  be 

The accuracy of the i n e r t i a l  data  and the usab i l i t y  of the da t a  displayed 
t o  the p i l o t  a r e  shown i n  the following table:  

I n e r t i a l  system design 
specif icat ions a f t e r  

300 seconds of operation 
P i lo t  ' s display 

Quantity Accuracy I Reading per divis ion I of displayed quantityb Quantity I 
Pitch a t t i t u d e  
Roll a t t i t u d e  
Heading 
Total  veloci ty  
Alti tude 
Angle of a t tack  
Angle of s ides l ip  
Burning time 

10" (vernier  1") 
1 0  " 
5" 

200 f t / s ec  
2,000 f t  

1" 
1" 

1 see 

"Varies with time; expected e r ror  a t  engine shutdown + l , 5 O O  f e e t .  
bPi lo t  can read between divis ions f o r  more accurate estimate.  
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Augmentation.- To provide adequate handling q u a l i t i e s  over the operating 
envelope of the X-15 a i rplane,  damping augmentation about a l l  three axes i s  
necessary. 
provide augmentation--the s t a b i l i t y  augmentation system (SAS) and the adaptive 
control  system. 

F l igh t s  t o  high a l t i t u d e s  have been made with two systems tha t  

The s t a b i l i t y  augmentation system ( r e f .  4) provides auxi l ia ry  aerodynamic 
damping by actuat ing the aerodynamic control  surfaces t o  oppose the ro t a t iona l  
ve loc i ty  ( f i g .  5 )  of the airplane.  An interconnect damper system (termed yar)  
provides a crossfeed yaw-rate s igna l  i n to  the ro l l - con t ro l  surfaces.  The damper 
control-surface authori ty  i s  equal t o  t h a t  of the p i l o t  i n  p i t ch  and yaw and i s  
twice that of the  p i l o t  i n  r o l l .  Although damper gains may be set by the  p i l o t ,  
gains of 0.6 deg/deg/sec i n  pi tch,  0.3 deg/deg/sec i n  r o l l ,  0.24 deg/deg/sec i n  
yaw, and 0.34 deg/deg/sec i n  yar  were used during the f l i g h t s  considered. 

The adaptive f l i g h t  cont ro l  system ( r e f .  5 )  has been in s t a l l ed  i n  the 
X-15-3  a i rplane.  The system i s  a high-gain rate-command model-control system 
i n  p i t ch  and roll and i s  a high-gain damper system i n  yaw ( f i g .  6 ) .  A yar 
interconnect s i m i l a r  t o  t h a t  previously described i s  a l s o  provided. The gain 
of the  system i s  var iable  i n  an attempt t o  provide constant response ( tha t  of 
the model) throughout the f l i g h t  envelope. 
simple f i r s t -order - lag  t r ans fe r  functions with time constants of 0.5 second and 
0.3 second, respect ively.  A damper system i s  provided i n  yaw and yar with 
var iable  gain.  The system u t i l i z e s  both aerodynamic cont ro ls  f o r  high-dynamic- 
pressure conditions and react ion cont ro ls  for low-dynamic-pressure conditions 
t o  provide control  over the e n t i r e  f l i g h t  regime. A t  low dynamic pressures, the 
adaptive-system gains reach peak values and the reac t ion  controls  a r e  act ivated.  
The reac t ion  controls  were ac t iva ted  f o r  the portions of the boost considered 
herein; however, these controls  were used only near the  end of boost and did 
not  contr ibute  s ign i f icant ly  t o  f l igh t -pa th  control.  Outer control-system loops 
a l s o  provide the capabi l i ty  of holding angle of a t tack ,  p i tch  angle, and bank 
angle and heading. The hold modes re l ieve  the  p i l o t  of the  necessity of 
constant ly  control l ing the  f l i g h t  variable;  however, he can, through the adapt- 
ive control  system, override the hold modes. 

The models i n  p i tch  and r o l l  a r e  

Fl ight  t e s t s  of the unaugmented X-15 airplane revealed an a rea  i n  the 
reentry f l i g h t  envelope tha t  w a s  uncontrollable when the p i l o t  used conventional 
control  techniques ( r e f .  6 ) .  To improve the l a t e r a l  con t ro l l ab i l i t y  of the air-  
plane without augmentation a t  high angle of a t tack ,  the  lower movable vent ra l  
w a s  removed ( f i g .  2 ) .  
the  s t a b i l i t y  augmentation and adaptive systems unnecessary and undesirable. 

This configuration change made the yar interTonnects of 

Reaction control . -  Although l e s s  e f fec t ive  than the  aerodynamic controls  
during the -part  of the  f l i g h t  t o  high a l t i t u d e  considered herein, a react ion 
control  system i s  provided f o r  cont ro l  of a i rplane a t t i t u d e  i n  regions of low 
dynamic pressure and i s  ac t iva ted  f o r  a par t ion of the boost. The basic  reac- 
t i o n  control  system i s  a proportional accelerat ion command system capable of 
about 5.6 deg/sec2 i n  r o l l  and 2.0 deg/sec2 i n  p i t ch  and yaw f o r  each of two 
systems. 
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FLIGHT PROGRAM 

Instrumentation 

The X-15 a i rp lanes  a r e  instrumented t o  measure and recard data  for many 
types of invest igat ions,  such as handling qua l i t i e s ,  aerodynamic heating, aero- 
dynamic loads, performance, and l o c a l  flows. I n  addition, continuous radar- 
tracking records the  f l igh t -pa th  ve loc i ty  and a l t i t u d e .  
mentation i s  accurate t o  within 2 percent of f u l l  scale  of the recorded variable;  
however, f o r  t h i s  invest igat ion,  the recorded quan t i t i e s  a re  used more qua l i ta -  
t i v e l y  than quant i ta t ively.  

The recording ins t ru-  

Fl ight  Tests 

The f l i g h t  t e s t s  reported herein were part of an overal l  f l i g h t  program 
designed t o  expand the  X - 1 5  f l i g h t  envelope i n t o  high-al t i tude regions not 
previously t raversed by winged vehicles.  The al t i tude-bui ldup sequence w a s  
similar t o  that used i n  other research airplane programs. 
formulated by using the  six-degree-of-freedom X-13 simulator ( r e f .  7 ) .  A 
t yp ica l  f l i g h t  plan i s  shown i n  tab le  I. 
on the simulator u n t i l  he w a s  thoroughly f a m i l i a r  with a l l  aspects of the 
f l i g h t .  He then performed the mission according t o  the f l i g h t  plan by using the 
cockpit displays and with the assis tance of a ground cont ro l le r  who monitored 
the progress of the f l i g h t  and suggested correct ions t o  the f l i g h t  path by 
radio c a l l .  
during the f l i g h t s .  Pertinent information on the airplane configuration, 
control  system, burnout a l t i t u d e  and velocity,  and maximum dynamic pressure 
during boost a r e  presented i n  tab le  I1 f o r  the f l i g h t s  considered. 
included, t o  be discussed l a t e r ,  i s  the p i l o t  r a t ing  of the boost control  task.  

F l igh t  plans were 

The plans were practiced by the p i l o t  

Airplane and system performance were a l s o  monitored on the ground 

Also 

P i lo t ing  Task 

Since the e x i t  a t t i t u d e  of the X - 1 5  i s  establ ished a t  r e l a t ive ly  high 
dynamic pressure, the  aerodynamic s t a b i l i t y ,  control,  and damping of the air-  
plane a re  important. These airplane cha rac t e r i s t i c s  are  considered t o  be 
sa t i s fac tory  by the p i l o t s  with the augmentation systems operating ( r e f .  8). 
The e x i t  control  t a sk  i s  primarily that of es tab l i sh ing  and control l ing p i tch  
a t t i t u d e  t o  the desired value while control l ing bank angle ' t o  zero and heading 
t o  the angle specif ied.  

The longi tudinal  s t a t i c  s t a b i l i t y  and damping of the bas ic  a i rplane during 
a typica l  boost t o  an a l t i t u d e  of 250,OOO f e e t  a r e  shown i n  f igures  7 and 8, 
respectively.  
(approximately t = 90 sec ) .  From f igure 8, it i s  apparent t h a t  the  inherent 
aerodynamic damping i s  low; damping r a t i o  i s  l e s s  than one-tenth during most of 
the boost. With damping augmentation, however, the r a t i o  i s  above 0.3 through 
most of the boost. 

The airplane i s  s t a t i c a l l y  s table  ( f i g .  7) through burnout 
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The airplane response cha rac t e r i s t i c s  with the  adaptive control  system a re  
represented by the system models at normal aerodynamic f l i g h t  conditions such as 
the establishment of the boost a t t i t ude ;  however, with the la rge  decrease i n  
dynamic pressure near burnout, low aerodynamic-control effect iveness  deter io-  
r a t e s  the capabi l i ty  of the system t o  force the airplane t o  the response of the 
model. 

The typ ica l  f l i g h t  plan shown i n  t ab le  I i s  f o r  the design a l t i t u d e  mission 
This mission required a pullup t o  an angle of a t tack  of 10" or t o  25O,OOO f e e t .  

2.5g u n t i l  a p i tch  angle of 37" was reached. 
constant t o  burnout. 

Pi tch a t t i t u d e  was then held 

Some of the f l i g h t s  considered i n  t h i s  study were planned t o  allow engine 
thrus t ing  t o  f u e l  exhaustion, whereas others  requested the p i l o t  t o  shut down 
the engine a f t e r  a specif ied burning time or a t  a specif ied velocity.  Burning 
time was selected as the primary quantity with which t o  control  f i n a l  veloci ty  
when the  ine r t i a l -ve loc i ty  da ta  proved t o  be l e s s  accurate than desired.  
l a t e r  f l i g h t s  t o  high a l t i t u d e ,  however, the p i l o t s  have r e l i e d  on i n e r t i a l  
veloci ty  as the prime cue fo r  engine shutdown. 

During 

Fl ights  t o  high a l t i t u d e  were made with three types of controls .  With the 
s t a b i l i t y  augmentation system and the adaptive control  system, the p i l o t  
cont ro ls  pitch,  roll, and yaw continuously. With the adaptive system, however, 
he controls  through a r a t e  command control  system i n  p i tch  and roll t o  achieve 
the desired a t t i t u d e .  Also, with the adaptive system, hold modes a re  provided 
which, a t  the p i l o t ' s  select ion,  automatically hold p i t ch  a t t i t ude ,  angle of 
a t tack ,  or bank angle. Near zero bank angle, the system a l s o  holds heading. 

RESULTS AND DISCUSSION 

Representative Boosts 

D a t a  from representat ive X - 1 5  boosts t o  high a l t i t u d e  with the s t a b i l i t y -  
augmentation-system controls  and the adaptive-system controls  are  presented i n  
f igures  9 and 10, respect ively.  
a l t i t u d e ,  veloci ty ,  and dynamic pressure, normal and longi tudinal  acceleration, 
bank angle, heading angle, angle of a t tack,  p i t ch  angle, and longitudinal control  
posi t ion a r e  presented. The planned p i tch  angle, normal acceleration, th rus t ing  
time, and burnout or shutdown conditions a re  included f o r  comparison with the 
f l i g h t  data.  Additional time h i s t o r i e s  of f l i g h t s  performed t o  expand the a l t i -  
tude of the airplane a r e  presented and discussed i n  the  appendix. 
information concerning each f l i g h t  i s  summarized i n  t ab le  11. 

In addi t ion t o  the  performance quant i t ies  of 

Pertinent 

Figure 9 presents a boost of the X-15 airplane t o  an a l t i t u d e  of 
226,400 f e e t  with the s t a b i l i t y  augmentation system. 
a 2g pullup t o  a p i t ch  angle of 33". 
engine shutdown, and a constant bank angle of zero and a heading of 214" were 
requested. 
w a s  held t o  within the  limits of the accuracy of the  displayed quant i t ies .  
Deterioration i n  aerodynamic damping i s  evident near the  time of engine shutdown. 

The f l i g h t  plan ca l led  f o r  
This p i t ch  angle w a s  t o  be held u n t i l  

The p i l o t  a t t a ined  l e s s  than 2g during ro ta t ion ,  but the p i tch  angle 
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Using the i n e r t i a l  veloci ty  as a cue, the  p i l o t  shut down t h e  engine a t  
5,280 f t / sec  r a the r  than the  requested 5,200 f t / sec .  
a t t a ined  w a s  6,400 f e e t  above the  planned a l t i t u d e  of 220,000 feet .  
t o  engine shutdown, bank angle w a s  held t o  within 10" of zero and heading w a s  
held t o  within 3" of the desired value of 214". 

The m a x i m u m  a l t i t u d e  
From launch 

The following comments a re  excerpted from the questionnaire completed by 
the  p i l o t  following the f l i g h t  of figure 9: 

The p i lo t ing  technique used t o  a r r ive  a t  the planned 
engine shutdown conditions w a s  t o  f l y  p i t ch  a t t i t ude ,  hold 
heading, and observe the re la t ionship  between a l t i t ude ,  
velocity,  and burning t i m e .  I@ final checkpoint t o  decide 
whether the f l i g h t  w a s  high or low was 92,000 feet  at 
60 seconds. A t  t h i s  point, it was r i g h t  on. Watching 
veloci ty  f o r  shutdown, it appeared t o  come around 
134,000 f e e t  r a the r  than the  planned a l t i t u d e  of 131,000 feet. 
The heading flown w a s  214". 
a t  5,200 f t / s ec  when the elapsed burning t i m e  reached 
81 seconds. There w a s  a noticeable delay between t h r o t t l e  
cutoff and ac tua l  engine shutoff, although there  w a s  a 
th rus t  reduction with reduction of t h r o t t l e .  Engine shut- 
down was programed on i n e r t i a l  veloci ty .  

. 
The t h r o t t l e  s e t t i ng  was reduced 

A t  the  higher dynamic pressures ( i n i t i a l  portion of the 
climb), the control  w a s  r e a l l y  not too bad. The only 
problem w a s  extraneous p i l o t  inputs and necessary correc- 
t i ons  f o r  heading. However, a f t e r  about 50 seconds of 
burning, the p i tch  task w a s  more d i f f i c u l t  because of an 
i n a b i l i t y  t o  t r i m  p i tch  t o  take  care of t he  a t t i t u d e  droop 
a t  about 100,000 feet .  A n  almost constant-amplitude p i t ch  
cycle of +2" w a s  induced near burnout. 
t o  stop the  osc i l l a t ion  at  exact ly  33". 

N o  attempt w a s  made 

The p i l o t  ra ted  the boost control  task  at  1.5 i n  pitch,  1.2 i n  r o l l ,  and 1.2 i n  
heading, based on the  Cooper scale (ref.  9 ) .  

Data from a boost t o  an a l t i t ude  of 285,000 feet  using the  adaptive control  
system with both pitch-angle and bank- and heading-angle hold a re  presented i n  
f igure  10. For t h i s  f l i g h t  a 2g ro t a t ion  was a l s o  specified,  however, t o  a 
p i t ch  angle of 42". 
p i l o t ,  using a presentation of i n e r t i a l  velocity,  achieved a maximum veloci ty  of 
5,160 f t / sec .  
mode and, so, overrode the pi tch-at t i tude hold t o  control  the  p i tch  angle t o  
within the  accuracy expected. 
hold modes i n  operation were somewhat lower than they would have been with 
normal control.  

Engine shutdown a t  5,100 f t / s ec  w a s  requested and the  

The p i l o t  indicated t h a t  he had d i f f i c u l t y  se t t i ng  up the hold 

Bank-angle and heading excursions with the system 

The p i l o t  made the following comments concerning the hold modes: 

The pitch-angle vernier seemed t o  be r i g h t  on, but the 
three-axis b a l l  was 4" or 5" low. A p i t ch  angle of 42" was 
established, and p i t ch  hold w a s  engaged. Something w a s  out 
of t r i m ,  so the s t i ck  w a s  retrimmed. I only had one chance 
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The p i l o t  

t o  look a t  it because I had t o  move my head. A s  far as I 
could t e l l ,  I w a s  within 1/2O of zero on the s t ick ,  and it 
s t i l l  wouldn't do it. So, I decided t o  discount the f a c t  
t h a t  p i t ch  hold w a s  on and f l y  manually, overriding the 
p i t ch  hold. 

The ground guidance ca l lou t s  were r i g h t  on a l l  the way 
and came nearly as quickly as the e r r o r s  were observed. It 
was concluded from the f i rs t  good check on time versus 
veloci ty  t h a t  t he  f l i g h t  p ro f i l e  w a s  low. A t  the  next 
10-second check, I w a s  s t i l l  a l i t t l e  low. A t  70 seconds, 
the  f l i g h t  w a s  on p ro f i l e .  

It w a s  a l i t t l e  d i f f i c u l t  t o  hold a 42" p i t ch  angle 
with the mismatch between the p i t ch  a t t i t u d e  shown on the 
b a l l  and the  p i tch  a t t i t u d e  the system w a s  t ry ing  t o  hold. 
It wasn't d i f f i c u l t  t o  control,  but  it w a s  a constant 
e f f o r t  . 
a l s o  sa id  he sensed an apparent change i n  p i t ch  a t t i t u d e  by the reduc- 

t i o n  i n  ex terna l  l i g h t  entering the cockpit. The combined control  t a sk  w a s  
r a t ed  as 3 i n  pi tch,  1.5 i n  r o l l ,  and 1.5 i n  heading. 

Presentation of Results 

The r e s u l t s  obtained during the expansion of the f l i g h t  envelope of the X-15 
a r e  summarized i n  f igures  11 t o  16. 
quan t i t i e s  a re  compared f o r  the  boost missions. 
which the p i l o t  used e i the r  the conventional control  system with horizontal-  
s t a b i l i z e r  t r i m  and s t a b i l i t y  augmentation or the adaptive control  system. 

The planned and the a c t u a l  prime control  
The data  a r e  from f l i g h t s  i n  

-~ Pitch a t t i t u d e . -  As  previously indicated,  the accuracy of the displayed 
p i t ch  angle w a s  k0.5" and could be read by the p i l o t  t o  within kO.5" .  
maximum accuracy t o  be expected of the p i l o t  i n  control l ing t h i s  p i lo t ing  task  
i s  i-0.7". How well the p i l o t  flew the boost mission, considering the accuracy 
of the displayed quant i t ies ,  i s  shown i n  f igure  11 i n  which the planned and the 
average p i t ch  angles a re  compared. The p i l o t s  controlled t o  within the display 
l i m i t s  i n  about two-thirds of the boosts t o  high a l t i t u d e .  The data  show poorer 
overa l l  performance using the  adaptive system with the  hold modes than with the 
manual systems. I n  some instances,  the p i l o t  controlled t o  higher than desired 
p i t ch  angles; i n  other instances,  t o  be discussed l a t e r ,  he undershot the desired 
p i tch  angle. The da ta  do show t h a t  the p i l o t  can control  t h i s  boost task  t o  
within the accuracy of the displayed quant i t ies ,  whether control l ing manually or 
with the  hold modes. 

Thus, the 

Velocity.- Another t a sk  of primary importance f o r  the control  of boost i s  
the  control  of ve loc i ty  a t  engine shutdown. Figure 12 compares the ac tua l  and 
the planned ve loc i t i e s .  The flagged symbols indicate  the boosts i n  which 
ine r t i a l -ve loc i ty  da ta  were used as the primary cue f o r  engine shutdown. For 
these boosts the  average deviation from the desired maximum veloci ty  w a s  
50 f t / s ec ,  which i s  wel l  within the accuracy of the displayed data .  When 
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burning time w a s  used as the  primary cue f o r  engine shutdown, the  average f i n a l  
veloci ty  deviated approximately 200 f t / s ec  from the desired value. These large 
var ia t ions  were expected and accepted, inasmuch as engine th rus t  has varied from 
>7,OOO pounds t o  60,000 pounds from f l i g h t  t o  f l i g h t  and engine t o  engine. When 
feas ib le ,  the thrust of the rocket engine w a s  measured and the  simulation a l t e r ed  
t o  r e f l e c t  the correct  t h r u s t  so t h a t  a more r e a l i s t i c  prediction of performance 
could be made during f l i g h t  planning. 

Engine burning time.- Figure 1 3  compares the  t i m e  of t h r o t t l e  re ta rda t ion  
and of ac tua l  zero longi tudinal  accelerat ion t o  the desired burning t i m e  as 
predicted on the  fixed-base pi loted simulator. These data  and t h e  data  of the 
previous f igure  show tha t ,  although the p i l o t  of ten succeeded i n  a t t a in ing  the  
desired velocity,  he never accomplished the t a sk  i n  the  time predicted during 
f l i g h t  rehearsal  on the  simulator. Attempts were made t o  provide the simulator 
with ac tua l  engine th rus t  charac te r i s t ics ,  bu t  these data  were not always 
avai lable  and, thus, predicted performance may not have been exact. The p i l o t s  
indicated tha t  they retarded t h r o t t l e  on the veloci ty  o r  time cue without regard 
fo r  the t a i l - o f f  charac te r i s t ics  of the rocket engine. The ac tua l  time of 
t h r o t t l e  re ta rda t ion  ( f i g .  l 3 (a ) )  and the desired engine shutdown time a re  i n  
much b e t t e r  agreement than the ac tua l  time of zero longi tudinal  accelerat ion 
( f i g .  l 3 ( b ) )  and the desired time. It appears t h a t  the p i l o t s  were motivated t o  
allow a t  l e a s t  t he  planned burning time i n  an attempt t o  a t t a i n  a t  l e a s t  the 
desired veloci ty .  In  every case, the p i l o t s  e i t h e r  shut down the  engine a t  the 
scheduled burning time or allowed it  t o  burn longer than planned. In  two 
instances,  they had d i f f i c u l t y  i n  reaching the  t h r o t t l e ,  under the 3.5g longitu- 
d ina l  acceleration, t o  cut off the engine. This d i f f i c u l t y  has been a l lev ia ted  
by moving the  t h r o t t l e  t o  a more convenient location. 

Heading and a l t i t ude . -  In  addi t ion t o  the  foregoing control  tasks,  the p i l o t  
controlled airplane heading and, l e s s  d i rec t ly ,  a l t i t u d e .  
da ta  on the p i l o t ' s  performance i n  control l ing t o  the desired heading. In  addi- 
t i o n  t o  the cockpit display, the p i l o t  w a s  advised during the f l i g h t  of h i s  
ground-track heading by a ground cont ro l le r .  
can be estimated only within 2 "  t o  3" with the  p i l o t ' s  display, the accuracy i n  
holding heading shown i n  the  f igu re  i s  acceptable f o r  the  X-15 mission. L i t t l e  
difference i s  apparent between the  p i l o t s '  performances when control l ing manu- 
a l l y  or when using the  heading hold mode. 

Figure 14  presents 

Inasmuch as the  airplane heading 

Although the  control  of a l t i t u d e  w a s  not of primary importance, altitude w a s  
one of the quant i t ies  checked as the p i l o t  mentally computed a "how goes it" 
curve during the mission. 
a l t i t u d e  a t  engine shutdown. The average deviation from the desired a l t i t u d e  w a s  
about 7,000 f e e t .  An extreme of about 20,000 f e e t  occurred during a f l i g h t  when 
the p i l o t  w a s  highly motivated t o  be t t e r  or a t  least achieve the desired maximum 
a l t i t u d e .  
the  desired value occurred on a p i l o t ' s  f i rs t  f l i g h t  t o  high a l t i t ude .  He did 
not believe the  instrument readings and pushed over t o  check a t t i t ude .  When he 
pulled up a second time, insuf f ic ien t  burning remained t o  a t t a i n  the desired 
a l t i t u d e  . 

Figure 15 compares the  ac tua l  and the predicted 

The f l i g h t  point (ac tua l  h(ax=o) = 90,000 f t )  s ign i f icant ly  lower than 

Pi lot ing performance i n  control l ing a l t i t u d e  w a s  e s sen t i a l ly  the same with 
each of the control  systems used. 
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Maximum a l t i tude . -  The alt i tude-buildup program w a s  designed t o  safely 
demonstrate the  a l t i t u d e  capabi l i ty  of the X-15 a i rplane.  The pi lot ing tech- 
nique of pul l ing up t o  a given p i tch  a t t i t u d e  during engine thrust ing and holding 
a constant p i tch  a t t i t ude  f o r  a specified thrust ing t i m e  with known engine 
performance resu l ted  i n  reasonable control  of maximum a l t i t u d e  f o r  the X-15 
mission. Figure 16 compares the ac tua l  and the  planned maximum a l t i t udes .  The 
mean difference w a s  about 14,000 f ee t ,  with an extreme excursion of 35,000 f e e t  
from the planned a l t i t ude .  However, considering only the displayed parameters 
of burnout veloci ty  and p i tch  angle, which f o r  the X - 1 5  a r e  the prime cont ro l le rs  
of maximum a l t i t ude ,  the expected e r ro r  i n  f i n a l  a l t i t u d e  from these sources f o r  
a 25O,OOO-foot f l i g h t  would be approximately 13,000 f ee t .  
p i l o t s  were motivated t o  achieve a t  l e a s t  the desired maximum a l t i t ude ;  i n  most 
instances the desired a l t i t u d e  w a s  exceeded, but  the mean deviation w a s  not more 
than would be expected from the quant i t ies  displayed. 

It appears t h a t  the 

With displays of i n e r t i a l  veloci ty  and p i tch  a t t i t ude ,  the p i l o t s  controlled 
t o  within 2 percent of the desired a l t i t ude .  This perfcrrmance w a s  about four 
times as accurate as could be expected, considering the accuracy of presented 
data  and of display in te rpre ta t ion .  Although these accuracies a re  poor compared 
t o  o r b i t a l  inser t ion  and rendezvous requirements, the  X-15 mission has no need 
f o r  greater  accuracies. It does appear, however, t h a t  the  control precision 
obtainable with the X-15 may be adequate f o r  control l ing the f i r s t  stage of 
multi stage vehicles . 

Pi lo t  Ratings and Performance 

Each phase of an X-15 f l i g h t  i s  evaluated by the p i lo t ,  using an adaptation 
of the Cooper r a t ing  scale ( r e f .  9). The r a t ings  obtained f o r  the pitch, roll, 
and y a w  modes of the  boost control  a r e  summarized i n  tab le  11. The control la-  
b i l i t y  i n  p i tch  w a s  sometimes ra ted  s l igh t ly  lower than the other control  modes, 
perhaps because p i tch  w a s  the  mode of primary control .  Average r a t ings  f o r  the 
s t a b i l i t y  augmentation system and the r a t e  command and hold modes of the adapt- 
ive system were s i m i l a r .  

The X-15 boost s t a b i l i t y  and damping i n  p i tch  and charac te r i s t ics  ra ted as 
sa t i s fac tory  during t w o  other invest igat ions ( r e f s .  10 and 11) are  compared i n  
f igure 17. Reference 10 includes p i l o t  evaluation under r e l a t ive ly  high 
accelerat ion environments during centrifuge t e s t s ,  and reference 11 presents 
r e s u l t s  from a f l i g h t  evaluation using a var iab le-s tab i l i ty  a i rplane.  Much of 
the X - 1 5  boost con t ro l l ab i l i t y  i n  these s tudies  w a s  predicted t o  be sat isfactory.  
The average r a t ing  by the X - 1 5  p i l o t s  w a s  1.9, well i n  the sa t i s fac tory  range. 
However, t he  control  task w a s  r a t ed  one t o  two numbers lower a f t e r  about 
75 seconds of boost i n  regions of low dynamic pressure where aerodynamic forces  
were low. The p i l o t s  demonstrated t h a t  they could e a s i l y  control  t o  the  desired 
values. 
angle, and +lo i n  angle of a t t ack  and angle of pi tch.  

They f e l t  t ha t  they could control  t o  +O.l5g i n  pullups, +loo i n  bank 

Although the p i l o t s  s ta ted  t h a t  the  3.5g longi tudinal  accelerat ion did not 
lessen t h e i r  a b i l i t y  t o  perform the control  task,  i n  two instances they had 
d i f f i c u l t y  shutting down the  engine. After a s l i g h t  re loca t ion  of the t h r o t t l e ,  
no d i f f i c u l t y  w a s  encountered i n  performing the required tasks  under the 
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accelerat ion environment. For the  accelerat ions encountered i n  t h i s  boost the 
p i l o t s  did not f e e l  t h a t  a centrifuge program would be required f o r  t r a in ing  
purposes. They indicated, however, t h a t  the  centr i fuge t e s t s  i n  which they 
par t ic ipa ted  d id  give them confidence i n  t h e i r  a b i l i t y  t o  perform ef fec t ive ly  
under typ ica l  boost-acceleration environments. 

On the f i rs t  f l i g h t  t o  high a l t i t u d e  f o r  each of two p i lo t s ,  a sensation of 
continued ro t a t ion  (pi tching up) during climb under high t h r u s t  w a s  reported.  
One of t he  p i l o t s  pushed over t o  check the horizon, and the  other requested a 
check of the a t t i t u d e  by the  ground cont ro l le r  t o  ver i fy  h i s  instrument readings. 
There w a s  a t  l e a s t  one f l i g h t  during which the  p i l o t  w a s  so  highly motivated 
t h a t  he flew t o  a higher a l t i t u d e  than planned. 

On at  l e a s t  two occasions the engine failed.  t o  start on the f i rs t  attempt, 
but the p i l o t  w a s  able t o  l i g h t  it on the  second t r y  and t o  s a t i s f a c t o r i l y  
follow the f l i g h t  plan. For several  f l i g h t s  some p a r t  of the displays f a i l ed ,  
but, by using other displayed quant i t ies ,  the  p i l o t  completed the  f l i g h t .  On 
many f l i g h t s  the p i l o t ' s  evaluation of the progress of the f l i g h t  and h i s  
r e su l t an t  correct ions contributed s igni f icant ly ,  as evidenced by the  number of 
f l i g h t s  i n  which the  desired burnout conditions were achieved by burning longer 
than planned. 

- Although none of the p i l o t s  reported any engine l i g h t  or burnout t ransients ,  
low-magnitude t r ans i en t s  were noted on some of the  f l i g h t s .  It has not been 
possible,  however, t o  i s o l a t e  engine-caused t r ans i en t s  from p i l o t  control  
disturbances.  

During the i n i t i a l  system evaluation, the p i l o t s  were re luc tan t  t o  delegate 
complete control  t o  hold modes of the adaptive system. I n  some of the f l i g h t s  
with the  hold modes operative, the  records show t h a t  the p i l o t s  overrode the 
selected hold mode. A more thorough analysis  than i s  f eas ib l e  f o r  t h i s  study 
would be required t o  determine if  the p i l o t  improved or degraded the hold opera- 
t i on .  In general, the  p i l o t s  commented favorably on the hold modes, espec ia l ly  
bank and heading, and, with experience, used them with more confidence. 

CONCLUDING REMARKS 

P i lo t  control  of the  boost phase of the X-15 airplane t o  high a l t i tude- -a  
boost t h a t  i s  s i m i l a r  t o  the f i r s t  stage of the boost of v e r t i c a l l y  launched 
multistaged vehicles--has been demonstrated t o  acceptable accuracy on many 
f l i g h t s .  In  most instances,  the p i l o t s  control led t o  within the  accuracy of the 
displayed information and, i n  other instances, were able t o  complete the f l i g h t  
even though the engine f a i l e d  t o  l i g h t  on the f i r s t  attempt and some of the  
displays malfunctioned. On a few f l i g h t s ,  however, as a r e s u l t  of physiological 
f ac to r s  or extreme motivation, the p i l o t s  made correct ions they f e l t  were 
necessary but which resu l ted  i n  deviations from the  f l i g h t  plan. 
accelerat ion had no e f f e c t  on the  control  task .  

The boost 
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With correct  vehicle design f o r  the  inclusion of the p i l o t  i n  the control 
loop and with proper p i l o t  t ra ining,  it i s  believed t h a t  the  p i l o t  can effec-  
t i v e l y  control  the  boost of launch vehicles.  

F l igh t  Research Center, 
National Aeronautics and Space Administration, 

Edwards, C a l i f . ,  February 18, 1964. 



APPENDIX 

x-15 BOOSTS 

Data from the  boost portions of 16 X-15 f l -gh ts  t o  high a l t  tude, showing 
the  ac tua l  performance of the p i l o t  compared t o  the specified f l i g h t  plan, are 
presented i n  f igures  18(a) t o  18(p) .  
from boosts performed by four p i lo t s ,  denoted as A, B, C, and D, t o  m a x i m u m  
a l t i t u d e s  from 154,000 feet  t o  354,200 feet. 

A s  indicated i n  tab le  11, the  da ta  are 

Presented i n  figure 18(a) are  data  from a mission t o  evaluate the  backup 
s t a b i l i t y  augmentation system. P i lo t  performance and f i n a l  boost veloci ty  a re  
of i n t e re s t .  
a p i tch  angle of 30" w a s  achieved, a pitch-over t o  zero g a f t e r  35 seconds of 
t h rus t  time, and a pullup t o  l .5g  a f t e r  75 seconds of t h rus t  t i m e .  Fuel exhaus- 
t i o n  occurred within 1 second of the planned time and within 230 f t / s ec  of the 
desired velocity.  Considering the  maneuvering required during the f l i g h t ,  the  
ac tua l  and desired da ta  compare reasonably well. 

The f l i g h t  plan cal led f o r  an angle-of-attack pullup of 10" u n t i l  

Figure 18(b) i l l u s t r a t e s  a f l i g h t  designed t o  invest igate  the  s t a b i l i t y  and 
control of the ventral-off configuration and the  l imit-cycle charac te r i s t ics  of 
the  adaptive control  system. This f l i g h t  plan specified a pullup t o  an angle of 
a t tack  of 6" u n t i l  a p i tch  angle of 20" w a s  reached, and then a push-over t o  an 
angle of a t tack  of 2". Engine shutdown w a s  required a f t e r  80 seconds of burning 
a t  a veloci ty  of 5,600 f t / s ec  and a t  a longi tudinal  accelerat ion of 3.2g. 
p i l o t  successfully followed the specified f l i g h t  plan. 

The 

Figure 1 8 ( ~ )  presents data  from a boost t h a t  i s  more typ ica l  of a launch 
control  task, which requires  control l ing t o  a p i tch-a t t i tude  schedule, than the  
f l i g h t s  of f igures  18(a) and 18 (b ) .  
angle of 35O, which w a s  t o  be held constant u n t i l  burnout. Although the  engine 
did not start on the  f irst  attempt, the  p i l o t  w a s  able  t o  l i g h t  it on the second 
t r y .  The mission w a s  completed successfully, and a f i n a l  veloci ty  within 
100 f t / s ec  of the planned value w a s  obtained by burning 2 seconds longer than 
planned. 

A ro t a t ion  a t  l.5g w a s  planned t o  a p i tch  

The t h i r d  evaluation f l i g h t  of the adaptive control  system i s  shown i n  
f igure  18(d) ,  which presents a boost a t  100-percent t h rus t  t o  a maximum a l t i t u d e  
of about 180,000 f e e t .  
evaluate the e f f e c t  of high dynamic pressure on the adaptive system. A delayed 
engine l i g h t  resul ted i n  a lower a l t i t u d e  t r a j ec to ry  than planned, but the 
objectives of the f l i g h t  were accomplished. Shutdown of the engine w a s  achieved 
on veloci ty  cue, since the  engine l i g h t  w a s  delayed some 25 seconds. By using 
the pitch-angle hold mode of the adaptive system, p i tch  angle w a s  maintained 
within -+lo and, with increased burning time, the p i l o t  w a s  able t o  shut down the 
engine near the desired veloci ty .  

A low-angle-of-attack pullup (6") w a s  planned t o  

A boost s i m i l a r  t o  t h a t  of f igure  18(d) i s  presented i n  f igure  18(e) .  The 
f l i g h t  plan ca l led  for a pullup at  an angle of a t tack  of 7" u n t i l  a p i tch  angle 
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of 32" was reached. 
controlled t o  within 1" of the  desired p i tch  a t t i t u d e  t o  about 
when he became s l igh t ly  disor iented.  Although h i s  display indicated the  correct  
p i t ch  angle of 32", he f e l t  t h a t  the airplane w a s  continuing t o  ro t a t e .  
pushed down t o  check the horizon and then pulled up t o  the  desired p i tch  angle. 
This deviation from the f l i g h t  plan resu l ted  i n  a lmer-than-planned f i n a l  
a l t i t ude .  Additional burning time w a s  allowed by the p i l o t  with a slow retard-  
a t ion  of the  t h r o t t l e ,  and engine shutdown w a s  accomplished a t  a veloci ty  near 
the desired value. 

This angle w a s  t o  be held u n t i l  burnout. The p i l o t  
t = 60 seconds, 

He 

Figure 18(f) presents  data  from a f l i g h t  on which an a l t i t u d e  of 
193,600 feet  w a s  a t ta ined.  The f l i g h t  plan requested a pullup a t  an angle of 
a t tack  of 10" u n t i l  a p i t ch  angle of 32" w a s  reached. 
be held constant. After 70 seconds of boost, the  p i l o t  w a s  requested t o  push 
over t o  zero g. For the  most part, the f l i g h t  plan w a s  followed t o  within 
acceptable l i m i t s ,  with the p i l o t  manually f ly ing  the  e n t i r e  mission. Fuel 
exhaustion occurred within 1 second of the desired t i m e ,  bu t  the desired burnout 
veloci ty  w a s  not achieved. 

This p i tch  angle w a s  t o  

The fourth f l i g h t  with the  adaptive control  system ( f i g .  18(g) )  w a s  designed 
t o  invest igate  the hold modes. A maximum a l t i t u d e  of 207,500 feet  w a s  a t ta ined.  
The f l i g h t  plan required a pullup a t  an angle of a t tack  of 10" t o  a p i tch  angle 
of 30". After 35 seconds of thrust ing,  a push-over t o  zero g w a s  requested, 
and a f t e r  55 seconds a pullup t o  1.4g w a s  planned u n t i l  a p i tch  angle of 32" w a s  
reached. The roll hold mode w a s  engaged ju s t  a f t e r  launch and remained i n  
operation throughout the boost. The engine w a s  shut down l a t e ,  which resul ted 
i n  a veloci ty  a t  burnout 200 f t / s e c  higher than planned. 
maneuvering required, p i t ch  angle w a s  not completely s tab i l ized  a t  burnout, and 
average values were about 2"  lower than planned. 
2,500 f e e t  higher than planned, the higher veloci ty  compensating for t he  lower 
p i tch  angle. 

As  a r e s u l t  of the 

The maximum a l t i t u d e  w a s  

The f l i g h t  represented i n  f igure  18(h) w a s  planned f o r  a maximum a l t i t u d e  
of 206,000 f e e t .  The roll hold mode w a s  used, but the p i t ch  program w a s  flown 
manually through the  adaptive rate command control system. Although the p i tch  
a t t i t u d e  held w a s  s l i g h t l y  l e s s  than planned, the burnout velocity,  which w a s  
controlled by using the  i n e r t i a l  veloci ty  as the  primary engine shutdown cue, 
w a s  within 50 f t / s ec  of t h e  desired value. 
about 3,000 f e e t  higher than planned. 
accuracy expected of the X-15 systems. 

The maximum a l t i t ude ,  however, w a s  
This cor re la t ion  i s  well within the 

The f l i g h t  shown i n  f igure  18(i) was an alt i tude-buildup f l i g h t  with the 
s t a b i l i t y  augmentation control  system. The f l i g h t  plan required a pullup a t  an 
angle of a t tack  of 10" u n t i l  a p i t ch  angle of 32" w a s  a t ta ined.  
t o  be held constant u n t i l  engine shutdown a t  t = 79 seconds and a veloci ty  of 
5,000 f t / s ec .  
achieved by the  p i lo t ,  although 2" lower than planned. The engine w a s  shut down 
2 seconds later than specified,  which resu l ted  i n  a shutdown veloci ty  360 f t / s ec  
higher than planned. For t h i s  f l i g h t ,  the  prime engine shutdown cue, elapsed 
burning t i m e ,  w a s  unavailable since the cockpit clock f a i l e d  a f t e r  launch. 

Pitch angle w a s  

Accurate control  of angle of a t tack  and angle of p i tch  w a s  



Figure 18(j) presents  the  f i r s t  a l t i t u d e  f l i g h t  f o r  p i l o t  D. A climb a t  a 
p i t ch  angle of 33" w a s  planned, with engine shutdown a t  a ve loc i ty  of 
5,200 f t / s ec  r e su l t i ng  i n  an a l t i t u d e  of 220,000 feet .  The a l t imeter  did not 
operate, so ground ca l lou t  w a s  used fo r  a l t i t u d e  information. Actual maximum 
veloc i ty  w a s  5,240 f t / sec ,  again using i n e r t i a l  veloci ty  as the primary cue f o r  
engine shutdown. 
planned, but the p i l o t  indicated t h a t  he w a s  l a t e  i n  es tabl ishing the correct  
p i t ch  a t t i t u d e .  This would have resul ted i n  a lower maximum a l t i t ude ,  but  the  
p i l o t  compensated by f ly ing  a s l igh t ly  higher p i t ch  angle which resul ted i n  a 
m a x i m u m  a l t i t u d e  of 223,700 f e e t .  

The p i t ch  angle held by the p i l o t  w a s  about 1" higher than 

Figures 18(k) t o  18(2) present f l i g h t s  t o  the  design a l t i t u d e  of the air- 
plane with the  adaptive and the  s t a b i l i t y  augmentation systems, respectively.  
The f l i g h t  plans were s i m i l a r ,  requiring a pullup t o  a p i tch  angle of 37" with 
the adaptive system and a p i t ch  angle of 38" with the  s t a b i l i t y  augmentation 
system. These angles were t o  be held u n t i l  engine shutdown. For both f l i g h t s ,  
the  longi tudinal  accelerat ion w a s  about 3.5g a t  engine shutdown. Pi lot ing 
performance i n  holding the  desired p i tch  a t t i t u d e  w a s  similar i n  each f l i g h t .  
Neither p i l o t  achieved the desired engine shutdown veloci ty .  The maximum 
veloci ty  i n  each f l i g h t  w a s  about 130 f t / s ec  under the  desired velocity.  
shut down the engine a t  the desired time. 
angle hold modes of the adaptive system, which simplified the control  task.  

P i lo t  B 
He used the  bank-angle and pi tch-  

Figure 18(m) shows the boost t o  an a l t i t u d e  of about 272,000 f e e t  with the 
adaptive control  system. The hold modes were not engaged f o r  t h i s  f l i g h t .  A 
pullup t o  2g w a s  t o  be used t o  a t t a i n  a p i tch  angle of 38", which w a s  t o  be held 
u n t i l  engine shutdown. Although the f l i g h t  plan requested a 2g pullup, a 
s tab i l ized  accelerat ion l e v e l  of 2g w a s  never achieved. Under the 3.5g acceler- 
a t ion  at engine shutdown, the p i l o t  indicated t h a t  he had d i f f i c u l t y  reaching 
the t h r o t t l e  t o  shut down the engine. Shutdown w a s  about 3 seconds l a t e ,  and 
f i n a l  veloci ty  w a s  more than 400 f t / sec  higher than planned. 

The boost phase of a f l i g h t  t o  an a l t i t ude  of 314,750 f e e t  i s  presented i n  
The f l i g h t  w a s  accomplished by p i l o t  B with the adaptive control  f igure  18(n) .  

system. 
s l i g h t l y  higher than planned w a s  held throughout the  thrust ing time, which 
resu l ted  i n  a somewhat higher a l t i t ude  than planned. 
veloci ty  of 5,150 f t / s ec  after 80 seconds of thrust ing,  but occurred about 
2 seconds l a t e  and a t  a higher veloci ty  than planned. 
achieved more than normal th rus t  and burning time. 

Both bank-angle and pitch-angle hold modes were used. A p i tch  angle 

Burnout w a s  planned a t  a 

The rocket engine 

Figure 18(0) presents  a boost t o  an a l t i t u d e  of about 348,000 f e e t .  The 
f l i g h t  plan specified a climb using a p i tch  angle of 44" t o  a m a x i m u m  a l t i t u d e  
of 315,000 r ee t .  
5,400 f t / sec ;  ac tua l  maximum veloci ty  w a s  5,380 f t / s e c  using i n e r t i a l  veloci ty  
as a cue. The overshoot i n  a l t i t ude ,  it appears, resu l ted  from holding the  
p i tch  angle 1" t o  2"  higher than planned. The p i l o t  reported tha t ,  ea r ly  i n  
the f l i g h t ,  the  ground cont ro l le r  indicated t h a t  the  f l i g h t  p ro f i l e  w a s  low, so 
he pulled up approximately 2 "  t o  compensate. 
about t w o  t o  three times greater  than expected from the uncertainty of t he  
displayed quant i t ies .  

Shutdown of the engine w a s  specified a t  a veloci ty  of 

The overshoot of 33,000 f e e t  i s  

16 
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The f l i g h t  plan f o r  f igure  18(p) cal led for a climb using a p i tch  angle of 
48" t o  engine shutdown i n  order t o  a t t a i n  a maximum a l t i t u d e  of 360,000 f e e t .  
For t h i s  f l i g h t ,  an al t i tude-predictor  instrument w a s  mechanized as a special  
p i l o t ' s  display.  The instrument presented a conversion of t o t a l  climb energy 
i n t o  a f i n a l  a l t i t u d e  prediction. For control,  the  r o l l  hold w a s  used and the 
p i t ch  p ro f i l e  w a s  flown manually with the adaptive system. Engine shutdown w a s  
accomplished on cue from the  a l t i t u d e  predictor a t  a veloci ty  of 5,520 f t / sec .  
This f l i g h t  w a s  the f i rs t  high-alt i tude mission on which the  predictor w a s  used. 
The p i l o t  used a crosscheck of ac tua l  a l t i t ude  and the predicted a l t i t u d e  t o  
correct  p i t ch  angle. Pitch-angle control  w a s  poorer than normal. However, with 
the  increased veloci ty  a t  engine shutdown, a maximum a l t i t u d e  of 354,200 f e e t  
w a s  a t ta ined,  which i s  within the  accuracy of a l t i t u d e  control  expected of the 
X-15 systems. 
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TABLE I.- TYPICAL X-15 FLIGHT PLAN 

x-15 FLIGHT REQUEST 

Fl ight  No.:  3-6-10 Scheduled Date: June 21, 1962 

P i l o t :  Major Robert White 

Subject of Test: 

Launch: 

Contractual demonstration of MH-96 f l i g h t  cont ro l  system 

Delamar Lake on a heading of 205" with MH-96 f l i g h t  cont ro l  system (FCS) on 
adaptive damper, f l i g h t  cont ro l  system react ion cont ro ls  "off ,"  and both 
b a l l i s t i c  cont ro l  systems "on." 

Item 

1 

- 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 3  

1 4  

15 

Time 

0 

- 

25 

60 

80 

115 

165 

210 

250 

280 

300 

h, 

45 

f t  - 

50 

100 

148 

220 

25 0 

220 

130 

80 

80 

lb/zk f t  

145 

440 

2 00 

60 

4 

5 

I20 

650 

480 

Event 

Launch using s ide s t ick ,  l i g h t  engine and 
increase t o  loo$, r o t a t e  using s ide s t i c k  
t r i m  (approx. -5) t o  0 = 37", 01 = 15", 
g ~ i :  2.5. Do not exceed 39. 

Engage 
cp = O o ,  and a t  0 = 37" t r i m  zero pi tch 
r a t e  and engage 0 .  Hold, t r i m  0 = 37" 

FCS react ion cont ro ls  "Auto." 

Shut down engine and engage a hold. Trim 
a < 10". 

Disengage hold modes and f l y  manually 
( r i g h t  s t i c k )  t o  maintain heading, cp = 0" 
and 0 IZ 0". B a l l  nose w i l l  be unrel iable .  

A t  peak a l t i t u d e ,  s e t  0 = Oo, engage 
0 hold and maintain e = 0" u n t i l  a = 20° 
and i s  r e l i a b l e  (6h = 25") .  

When a i s  r e l i a b l e ,  engage a hold and 
t r i m  a = 20" f o r  e n t r y  (bh IZ 25'). 

A t  1 g turn  FCS reac t ion  cont ro ls  "of f"  
and maintain a = 20" u n t i l  5.59. I f  
g- l imit ing has not occurred, decrease a 
t o  maintain 5.5g max imum.  

When l e v e l  (speed brakes f u l l  open), 
disengage a hold, push over t o  zero g, 
and engage cp hold a t  c p =  Oo. 

S t a r t  a space-positioning turn  ( c p  < 60") ,  
hold turn  f o r  lo" ,  then re lease  the  control .  
J e t t i s o n  as desired (H202 o f f ) .  

Disengage hold modes and use cont ro l - s t ick  
s teer ing  f o r  tu rn  t o  high key. 

High key. 
tanks. 

Low key. Approach speed 300 KIAS, land at  
2-mile markers. 

After touchdown, disengage m-96 FCS. 

Before auxiliary-power-unit shutdam, cycle 
controls ,  f l a p s  up, t r i m  6h = On, push-to- 
t e s t  b a l l  nose, and turn  da ta  o f f .  

cp, hold with heading 205" and 

Check vent ra l  armed and pressurize  



5,350 81-1 

TABLE 11.- SUMMARY OF FLIGHT DATA 

- 
Pilot 

- 
A 

A 

A 

C 

B 

A 

C 

A 

B 

tb, 
sec 

enax J 

lb/sq ft 
b X ,  
ft 

Pilot rating 
Airplane 

configuration 
Control 

configuration 
! - 

Yaw 

2 

1.5 

- 

--- 

3 

1 

2 

2 

1 

2 

2 

1*2 

1 

1 

1 

1.5 

1 

1.5 

1 

- 
Roll 

2 

1.5 

- 

--- 

3 

1 

1 

3 

1 

2 

2 

1.2 

1 

2.5 

1 

1.5 

1 

1 

1 

Pitch 

2 

- 

1.5 

--- 

3 

1 

2 

3 

1.5 

2 

2 .:, 

5,670 

5,630 

3,800 

4,180 

5,158 

5,520 

5,557 

4,950 

84.0 

81.1 

81.8 

79.2 

---- 

83.7 

84.7 

82.2 

83.7 

80.0 

81.6 

86.0 

877 

774 

1,060 

1,404 

1,070 

648 

154,000 

160,000 

170,000 

1eo,ooo 

184,6 00 

193,600 

Basic 

Ventral off 

Basic 

Basic 

Basic 

Basic 

Basic 

Ventral off 

Basic 

Ventral off 

Ventral off 

Basic 

Basic 

Ventral off 

Ventral off 

Basic 

Ventral off 

Ventral off 

SAS 

Adaptive 

SAS 

Adaptive 
cp, e hold 

Adaptive 

Adaptive 

Adaptive 
rp, a hold 

Adaptive 
cp hold 

SAS 

Adaptive 

SAS 

Adaptive 
cp, G hold 

SAS 

Adaptive 

Adaptive 
cp, 0 hold 

Adaptive 
cp, e hold 

Adaptive 
cp hold 

Adaptive 
rp hold 

91, ooo 

95,200 

103,000 

97,500 

117,600 

134,300 

119,700 

132,200 

135,500 

132, ooo 

145,500 

139,000 

143,500 

148,300 

154,000 

160,500 

171,000 

171, ooo 

82.3 , 83.8 1,082 207,500 

78.9 , 80.6 

87.1 

80.5 

716 209,400 

708 217,000 

632 223,700 
I’ 

*,:6 ~ 226,LOO 2 

78j 216,700 2 

6 ~ 2  217,000 1.5 

h98 271,700 1 

626 285,000 3 

9 I A  83.3 

82.0 

83.0 

83.1 

81. o 

84.3 

86.9 

87.9 

18(k) B 

18(2) A 

18(m) A 

10 

18(n) B 5,510 82.1 

18(0) A 5,380 84.0 

5,520 85.3 72’. j 5 ~ , 2 0 0  1.5 
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Figure 1.- Comparison of X-15 and t y p i c a l  Saturn C-5  boost. 
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Figure 2.- Three-view drawing of the X-15 airplane.  A l l  dimensions i n  fee t .  
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Figure 3.- X-15 cockpit. 



Airplane at t i tude three-axis bal l  

Figure 4.- X-15 airplane a t t i t ude  display. 
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Figure 3 . -  Functional diagram of the X-15 stability augmentation system. 
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Figure 7.- X - 1 5  longitudinal stability during a typical boost to a maximum altitude of 
250,000 feet. Basic configuration without augmentation. 
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Figure 8.- X-15 longitudinal damping during a typical boost to a maximum altitude of 2!5O,OOO feet. 
Basic configuration. 
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Figure 9.- Typical X - l 5  launch with the s t a b i l i t y  augmentation system t o  a m a x i -  
mum a l t i t u d e  of 226,400 f e e t ;  100-percent t h rus t .  Planned burnout conditions: 
t b  = 81 sec, v- = 5,200 f t / S e C ,  h(ax=o) = 131,000 f t .  
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Figure 10.- Typical X-15 launch with the adaptive cont ro l  system ( c p  and 8 hold) 
t o  a maximum a l t i t u d e  of 285,000 fee t ;  100-percent thrust. 
conditions: 
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Figure 11.- Comparison of ac tua l  (average) and planned p i t ch  angle during 
x-13 boost. 
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Figure 14.- Comparison of actual and planned heading. 
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Figure 15.- Comparison of actual  and planned a l t i tude  a t  engine shutdown. 
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Figure 16.- Comparison of actual and planned maximum altitude. 
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(a) hax = 154,000 f t ;  basic X-15;  SAS; 100-percent thrust .  Planned 
burnout conditions: t b  = 83 see, V- = 5,900 f t l s e c ,  
h( ax=o) = 100,000 f t .  

Figure 18.- X-15 boosts t o  high a l t i t ude .  
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(b)  hmax = 160,000 f t ;  vent ra l  o f f ;  adaptive control  system (rate command); 
100-percent t h rus t .  Planned burnout conditions: t b  = 80 sec, 
V,,, = 5,600 f t / sec ,  h(ax=O) = 87,000 f t .  

Figure 18.- Continued. 
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( e )  hmax = l 7 0 , O O O  ft; basic  X-13; SAS; 75-percent t h rus t .  Planned burnout 
conditions: t b  = 79 see, v,,, = 3,700 f t / sec ,  h(,x=O) = ~OO,OOO f t .  

Figure 18.- Continued. 
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(d) hax = 180,000 f t ;  adaptive control  system (8 hold);  basic  X-15; 100-percent 
t h rus t .  Planned burnout conditions: t b  = 79 see, V,,, = 4,000 f t / sec ,  
h( a,=O) = 95,000 ft. 

Figuse 18.- Continued. 
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(e )  bX = 184,600 f t ;  basic X-15; adaptive cont ro l  system (rate command); 
lw-percent  t h rus t .  Planned burnout conditions: t b  = 77 sec, 
V,,, = 5,150 f t / sec ,  h(aFO) = ll7,OOO f t .  

Figure 18.- Continued. 
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( f )  bx = 193,600 ft; basic  X-19; adaptive control  system (rate command); 
100-percent thrust. Planned burnout conditions: t b  = 83 sec, 
V- = 3,800 f t / sec ,  h(ax=o) = 140,000 f t .  

Figure 18.- Continued. 
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( g )  hmax = 207,300 f t ;  basic X-13; adaptive cont ro l  system ( c p  and a. hold);  
100-percent thrust .  Planned burnout conditions: t b  = 81 sec, 
v ~ X  = 5 9 350 f t / sec ,  h(aFo) = 120,000 f t .  

Figure 18.- Continued. 
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(h)  bx = 209,400 f t ;  vent ra l  o f f ;  adaptive cont ro l  system ( c p  hold);  
loo-percent t h rus t .  Planned burnout conditions: tb = 78 sec, 
V- = 5,000 f t / s ec ,  h(ax=o) = 127,000 f t .  

Figure 18.- Continued. 
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'i) hmax = 217,000 ft; basic X-15;  SAS; 100-percent t h rus t .  Planned burnout 
conditions: t b  = 79 see, vmX = 5,000 f t / sec ,  h(ax=o) = 130,000 f t .  

Figure 18.- Continued. 
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= 223,700 f t ;  vent ra l  o f f ;  adaptive control  system ( r a t e  command); 
100-percent t h rus t .  Planned burnout conditions: t b  = 78 sec, 
Vma, = 5,200 f t / sec ,  h(ax=o) = l30,OOO f t .  

Figure 18.- Continued. 
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(k) hax = 246,700 ft; basic’X-15; adaptive cont ro l  system (cp and 8 hold); 
100-percent t h rus t .  Planned burnout conditions: t b  = 80 sec, 
Vmax = 5,400 f t / sec ,  h(ax=o) = 148,000 f t .  

Figure 18.- Continued. 
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( 2 )  hmax = 247,000 f t ;  basic X-15 ;  SAS; 100-percent thrust. Planned burnout 
conditions: tb = 81 sec, V- = 5,330 f t / sec ,  h(a,=o) = 148,000 f t .  

Figure 18. - Continued. 
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(m)  hmax = 271,700 f t ;  vent ra l  o f f ;  adaptive cont ro l  system (rate command); 
100-percent t h rus t .  Planned burnout conditions: t b  = 77 sec, 
Vmax = 5,220 f t /sec,  h(ax=o> = 132,000 f t .  

Figure 18.- Continued. 
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(n)  hmax = 314,750 f t ;  basic  X-1’; adaptive control  system ( c p  and 0 hold) ; 
100-percent t h rus t .  Planned burnout conditions: t b  = 80 sec, 
VmX = 5,150 f t / s ec ,  h(ax=o) = 140,000 f t .  

Figure 18.- Continued. 
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( 0 )  baX = 347,800 ft; vent ra l  o f f ;  adaptive control  system ( c p  hold);  
100-percent th rus t .  Planned burnout conditions: t b  = 83 sec, 
V- = 5,400 f t / sec ,  h(ax=o) = 165,000 f t .  

Figure 18.- Continued. 
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(p)  ha, = 334,200 ft; vent ra l  o f f ;  adaptive control  system ( c p  hold);  
100-percent t h rus t .  Planned burnout conditions: t b  = 84.3 see, 
V" = 3,380 f t / sec ,  h(a,=o> = 176,000 f t .  

Figure 18.- Concluded. 
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